Introduction
ARGININE vasopressin (AVP) is a neurohypophyseal peptide hormone that exerts important effects on the kidney. The primary renal effect of AVP is its hydroosmotic action whereby the hormone decreases water excretion by increasing the water permeability of renal collecting tubules mediated via adenosine 3', 5 ' -monophosphate (cAMP). We also found that cellular free calcium ([Ca2+] i) is mobilized by AVP in renal collecting tubule cells. In the last couple of years there has been significant progress in AVP research. Important findings on the cloning and expression of AVP receptors and water channel have been reported in the literature.
The signal transduction of AVP in glomerular mesangial cells has also been clarified. AVP regulates cell contraction and cell growth in the mesangium.
Recent in vivo and in vitro studies have provided information on the mechanisms of the renal effects of AVP, and the complexity of these effects will now be discussed. adenylate cyclase activity [1, 2] . Specifically, AVP stimulates adenylate cyclase activity in the collecting tubules of humans and other species, and in the medullary thick ascending limb of Henle's loop and the collecting tubules of rat and mouse. While it is clear that AVP increases the water permeability of the collecting tubules [3] , this effect does not occur in the medullary thick ascending limb of Henle's loop. In the water-impermeable medullary thick ascending limb of Henle's loop, transepithelial potential difference and active chloride and sodium transport are stimulated by AVP [4, 5] .
Recent studies [6, 7] have demonstrated that AVP also increases cellular free calcium ([Ca2+] i) in renal collecting tubules. This effect of AVP will be discussed in detail later in the present paper.
Glomerular mesangium is another site of the action of AVP in the kidney [8] . AVP modulates the glomerular capillary ultrafiltration coefficient and glomerular cell contraction. Such an effect is mediated via its cellular second messenger, phosphatidylinositiol metabolism and [Ca2+]i. Also, the property of receptors in glomerular mesangium is totally different from that in collecting tubules. The former is called V 1 receptors, and the latter V2 receptors.
Cellular Action of AVP in Collecting Tubules
Since Sutherland introduced the role of cAMP in hormone action [9] , it has been widely accepted that the action of AVP on the renal tubule cells is mediated through cAMP. The cellular action of AVP is initiated by the binding of AVP to the specific receptors on the basolateral membranes. The AVP-receptor complex stimulates adenylate cyclase mediated via the stimulatory guanylyl nucleotide-binding protein (Gs protein), and the stimulation of adenylate cyclase leads to the formation of cAMP in the cells. The production of cellular cAMP alters the water permeability of the luminal membrane through a complex process. Cloning and expression of the apical membrane water channel of renal collecting tubules was demonstrated by Fushimi et al. [10] . The water channel may possibly be dependent on AVP, but this is now under investigation.
AVP Receptors
It is generally accepted that the AVP receptors at the basolateral membrane of renal collecting tubules are functionally coupled to the adenylate cyclase mediated through the Gs protein, which is classified as a V2 receptor. Recent genetic studies have clarified the structure of AVP receptors. Lolait and his associates [11, 12] and Birnbaumer and his colleages [13] independently cloned AVP receptors in liver and kidney. The rat kidney V2 receptor complementary DNA (cDNA) encodes a 370-amino acid protein (molecular weight 40,518) with a transmembrane topography characteristic of G protein-coupled receptors. The hydropathicity analysis of the translated protein sequence suggests the presence of seven transmembrane domains. The translated protein has seven clusters of 20-25 hydrophobic residues, connected by three extracellular and three intracellular loops. The Via receptor cDNA encodes 394 amino acid protein (molecular weight 44,202) in rat liver cells. As it has not been elucidated in glomerulus, a structure similar to that of Via receptor cDNA is speculated. The full-length V2 receptor cDNA has -60% sequence identity with the rat Vi a receptor.
Expression of the cloned cDNA in mammalian cells showed specific ligand binding and activity characteristic of the native V2 AVP receptors. A similar result was obtained with hepatic Via receptors. By analogy with other subfamilies, the V2 receptor would be expected to be not only closely related pharmacologically but also structurally to the Vi receptors. (Fig. 1) [17] . Biphasic inhibition of the AVP-induced production of cAMP by [Ca2+]i was observed. When the [Ca2+]i was more or less than the above values, the increase in AVP-induced cAMP production was markedly reduced. Such a biphasic pattern is similar to that observed in the relationship between extracellular Ca2+ levels and cAMP production in response to AVP. The mobilized [Ca2+]i can bind to calmodulin, a calcium-binding protein, to make a complex of Ca-calmodulin, which augments the AVP-stimulated activation of adenylate cyclase [18] . Two chemically dissimilar inhibitors of calmodulin, namely trifluoperazine and N-(6-aminohexyl)-5-chloro-l -naphthalenesulfonamide (W-7), attenuated the cellular cAMP production in response to AVP and forskolin. The interaction of Ca2+ with the activation of adenylate cyclase will be discussed later in detail in the present paper.
The activation of adenylate cyclase by AVP. However, Gi protein plays a role in the inhibition by somatostatin of the AVP-activated adenylate cyclase in the papillary collecting tubule. Somatostatin significantly attenuated cellular cAMP production in response to AVP. Somatostatin did not affect forskolin-induced production of cAMP. Pertussis toxin, which is known to be an ADP-ribosylated a-subunit of Gi protein, completely abolished these inhibitory effects of somatostatin on cellular cAMP production [19] . Similar results were obtained with a2-adrenergic agents [20] . a2-Adrenergic stimulation impairs AVP-stimulated cAMP production via Gi as inhibition is not observed in cells previously treated with pertussis toxin in the renal papillary collecting tubule cells.
cAMP-dependent phosphodiesterase
As suggested by Jackson et al. [21] , in the normal rat kidney cAMP production in response to AVP cAMP-dependent protein kinase A Since in several species AVP acts on both the medullary ascending limb of Henle's loop and the collecting tubule, it was important to determine whether post-cAMP systems are related to the action of AVP in these two tubules. In this regard, protein kinase has been proposed as one of the post-cAMP systems [24] . Two relevant experimental findings about renal cAMP dependent protein kinase are (1) that cAMP-dependent protein kinase is present in tissue homogenates from renal medulla and papilla and (2) that either AVP or exogenous cAMP has been demonstrated to activate protein kinase in renal medullary and papillary tissue slices and isolated tubules of the medullary ascending limb of Henle's loop and medullary collecting tubules [25] . Thus, AVPinduced cAMP-dependent protein kinase in renal papilla and medulla has been assumed to be associated with the physiological functions of AVP. However, several matters still remain to be determined. For example, it is not known whether cytosolic or membrane-bound protein kinase is the relevant enzyme in this effect of AVP. There is also no evidence showing that the protein kinase that is activated by AVP regulates the transport processes at the membrane of the medullary ascending limb of Henle's loop and the collecting tubules. The interrelationship between other postcAMP events involving protein kinase, microtubules, microfilaments and membrane aggregation remains to be defined.
Microtubules, micro filaments and intramembranous aggregation
It has also been suggested that microtubules and microfilaments regulate the effect of AVP in increasing water permeability [26] . In the toad urinary bladder and mammalian kidney the role of microtubules and microfilaments in the hydroosmotic effect of AVP is implicated. Colchicine, which reduces the volume density of microtubules in the cytoplasma of granular-type epithelial cells by binding to the microtubule subunit protein (tubulin), disrupts microtubules and inhibits the hydroosmotic effect of AVP without altering transepithelial sodium and urea movement. Cytochalasin B, which functionally and structurally disrupts microfilaments, also inhibits the hydroosmotic effect of AVP without affecting sodium movement [27] . A dense network of microfilaments in toad urinary bladder granular cells has been found in close association with the luminal membrane [28] . An interrelationship between microtubules, microfilaments and luminal intramembranous aggregation has been implicated in the final step in AVP action. Recent studies with freeze-fracture electron microscopy have supported this concept [29, 30] . In these studies the phenomenon of intramembranous particle aggregation increased with AVPdependent enhanced water permeability and was not related to changes in urea or sodium permeability [29] . Intramembranous particle aggregates probably result from the fusion of cytoplasmic vesicles with the luminal membranes [31] . This effect is dependent on the calcium-calmodulin complex [32] . The intramembranous aggregation and water flow responses to AVP are both independently sensitive to colchicine and cytochalasin B. After the maximal stimulation by AVP, the response is found to be sensitive to cytochalasin B, but not to colchicine [27] . These findings indicate that microtubules and microfilaments are involved in the initiation of intramembranous aggregation and water flow by AVP, but only microfilaments are required for the maintenance effect. Taken together all this information, changes in water permeability in the final step of AVP action involve complex interrelationships between changes in cytoskeleton structures, fusion of cytoplasmic tubules to the cytoplasmic surface of the luminal membrane and delivery of aggregates of intramembrane particles to the luminal membrane [33] . Water channel In 1993 Fushimi and his associates reported the cloning of the complementary DNA for WCH-CD, a water channel of the apical membrane of the renal collecting tubule [10] . The clone of WCH-CD encodes a 271-amino acid protein (molecular weight 28,928) with 42.7% sequence identity with human CHIP-28, a water channel in red blood cells and the renal proximal tubule [34] . Hydropathy analysis of the translated protein suggests the presence of six transmembrane domains similar to CHIP-28. In the sequence there is one putative N-glycosylation site and one putative phosphorylation site for cAMP-dependent protein kinase. WCH-CD is expressed exclusively in kidney, predominantly in the renal medulla and less in the renal cortex. Immunohistochemically, WCH-CD is localized in the apical region of the renal collecting tubule cells. They also found that the expression of WCH-CD in Xenopus oocytes markedly increases osmotic water permeability. In their series of studies they have not yet confirmed that the water channel of WCH-CD is AVPdependent. However, this possibility is extremely high, because of the functional expression and the limited localization of WCH-CD to the apical membrane of the renal collecting tubule. The interrelationship between the post-cAMP systems and water channel of WCH-CD is expected to be studied by the biochemical approach. Such studies could further elucidate the signal transduction of AVP in renal collecting tubule cells.
AVP-mobilized [Ga2+]i
We demonstrated that AVP concomitantly increases [Ca2+]i as well as its second messenger cAMP production in renal papillary collecting tubule cells [6] . 1 x 10-7 M AVP increased [Ca2+]i from 92 to 177 nM (Fig. 2) , an increase significantly less than that in hepatocytes, vascular smooth muscle cells and glomerular mesangial cells [40, 41] . OPC-31260 is the antagonist to the antidiuretic action of AVP, and less effective as the antagonist to the vascular action of AVP. OPC-21268 is the antagonist to the vascular action of AVP. However, both components bind to the receptors of renal papillary collecting tubule cells. The binding of these compounds is not affected by AVP itself. The receptors for the compounds are single classes [42] . The AVP-induced increase in [Ca2+]i was dose-dependently reduced by both of the nonpeptide antagonists. In addition, cellular cAMP production induced by AVP was significantly diminished by OPC-31260, but not by OPC-21268. These studies with the peptide and nonpeptide AVP antagonists 'suggest that the AVP receptors may separately regulate AVP-stimulated cAMP production and [Ca2+]i mobilization in renal papillary collecting tubule cells [42] . Further study will be necessary to elucidate the exact mechanism.
Neither dibutyryl CAMP nor forskolin has any Biochemical and physiological approaches have demonstrated that Ca2+ modulates AVP-induced cAMP production and water permeability in the toad urinary bladder, renal slices, isolated renal tubules and cultured renal papillary collecting tubule cells [6, [48] [49] [50] . Both extracellular and intracellular Ca2+ are involved in the AVPproduced cellular cAMP [6, 17] . We have demonstrated the important role of cellular Ca2+ influx in the activation of adenylate cyclase by AVP. When the medium calcium concentration was between 0.8 and 3.2 mM, the response of cellular c AMP production to AVP was maximal. The response was significantly reduced when the medium calcium was less than 0.8 mM or more than 3.2 mM. Such an effect of extracellular calcium on the AVP action is also demonstrable with the use of Ca2+ channel blockers. The pretreatment of cells with verapamil, nifedipine or inorganic antagonists such as cobalt, lanthanum and manganase, markedly reduced the AVPinduced cAMP production. The importance of cellular Ca2+ influx is also suggested by the following studies [51, 52] . The depolarizing agents veratridine and high potassium (60 mM KC1) increased [Ca2+]i from 68 to 142 nM, an effect which disappeared in the absence of medium Ca2+ or in the presence of verapamil. The possible mechanisms by which the depolarizing agents induce cellular Ca2+ mobilization include the opening of voltage-dependent Ca2+ channels in the plasma membrane. The treatment with veratridine or 60 mM KCl significantly increased the AVP-induced production of cAMP. No alteration in [Ca2+]i caused by veratridine or 60 mM KCl in the Ca2+-free medium affected the AVPproduced cAMP. Further study with ouabain, an inhibitor of Nat, K+ATPase, supported the role of extracellular Ca2+ in the activation of adenylate cyclase by AVP. Pretreatment of cells with ouabain augmented the AVP-induced increase in cellular CAMP production (Fig. 3) We further showed an optimal concentration of
[Ca2+]i for the AVP-induced cellular cAMP production in renal papillary collecting tubule cells [17] . As shown in Fig. 1 There is a marked reduction in AVP-induced [Ca2+]i mobilization and cAMP production following exposure to TMB-8, caffeine or ryanodine in the absence of extracellular Ca2+ (Fig. 4) [44] . When the removal of extracellular Ca2+ decreased [Ca2+] i to approximately 50 nM, the cAMP response to AVP was markedly attenuated but was still significantly greater than the basal level. There was no difference in basal [Ca2+]i in cells treated with Ca2+-free medium in the presence and absence of TMB-8, caffeine or ryanodine, but AVP-induced cAMP production was significantly less in the presence of TMB-8, caffeine or ryanodine than in its absence. Repeated exposure to ryanodine or caffeine did not increase basal Phorbol ester inhibited cellular cAMP production and hydraulic conductivity in response to AVP in renal collecting tubule [56, 57] . Also, AVP-mobilized [Ca2+]i was reduced by phorbol ester [56] . These inhibitions were reversed when cells were simultaneously exposed to a protein kinase C inhibitor 1-(5-isoquinolinesulfonyl)-2-methylpiperazine dihydrochloride (H-7). There is an interaction between cAMP and the phosphatidylinositol system in modulating the cellular action of AVP in renal collecting tubule cells. However, it is not known that AVP itself modulates the hydrolysis of phosphatidylinositol and produce 1, 2-diacylglycerol, and so the negative feedback control of AVP action is not demonstrable in renal collecting tubules. pH control Both extracellular pH (pHe) and intracellular pH (pHi) have been shown to regulate the cellular action of AVP in renal collecting tubules [58, 59] . The pHe control of the AVP action is based on the associated changes in pHi and the altered receptor binding of AVP. Changes in pHe ranging from 6.8 to 8.0 caused a change in pHi of from 6.94 to 7.27. The AVP-induced cAMP production was inhibited by an acidified pHi and enhanced by an alkalinized pHi. The small change in the pHi made a marked difference in cellular response to AVP [58] . The acidified pHe suppressed the receptor binding of AVP. This must be another factor in reducing the AVP activation of adenylate cyclase. The importance of pHi in modulating the AVP action is further proven with use of the protonophore carbonyl cyanide-m-chlorophenylhydrazone (CCCP), the acetate buffer and the modified bicarbonate buffer. These treatments produced intracellular acidification without any change in pHe. The attenuation of AVP-induced cellular cAMP production caused by CCCP depends on the acidified pHi. There was a positive correlation between the pHi and the AVP-stimulated cAMP production (Fig. 5) [58].
pHi dependence of the cellular action of AVP was also found in the modified bicarbonate buffer [58] . There is a Cl-/HCO3-exchange system in renal collecting tubule [60, 61] . The reduced concentration of bicarbonate acidified the pHi and diminished the AVP-induced production of cAMP. In contrast, the removal of chloride alkalinized the pHi and augmented the cellular response to AVP. In addition, intracellular alkalinization produced by 20 mM NH4C1 augmented AVP-induced cAMP production. Similar results were obtained with forskolin, a diterpene activator of adenylate cyclase.
There is H+-ATPase in vacuolar vesicles in the apical membrane of renal collecting tubule cells, which also controls the pHi by excreting H+ out of the cells [62] . We know that the activity of H+-ATPase is dependent on Cl- [63, 64] . In the bicarbonate-free buffer, Cl-removal decreased the pHi by blocking the activity of H+-ATPase. This maneuver caused a significant inhibition of cellular cAMP production and [Ca2+]i mobilization in response to AVP. Such a reduction was also obtained with N-ethylmaleimide, an inhibitor of H+-ATPase, which decreased the pHi in a dosedependent manner [65] .
A Na+/H+ antiporter has been described in the principal cells of renal papillary collecting tubule cells [66, 67] . Its primary role is H+ secretion from the cytosol in exchange for extracellular Nat The Na+/H+ exchange is activated by a reduction in pHi, which indicates the importance of the cellular H+ concentration in regulating the activity of the antiporter. We demonstrated that the Na+/H+ antiporter system could not be activated in the Natdepleted condition, because of the depletion of exchangeable extracellular Nat, or in the presence of amiloride. Extracellular Na+ depletion decreased the cellular Na+ concentration ([Na+]i) and pHi (Fig. 6 ). Under these conditions, the AVP-and forskolin-induced increase in cellular cAMP production was markedly reduced by the extracellular Na+ depletion [68] . This inhibition disappeared completely under the condition of normal pHi despite a decrease in [Na+] proteins and enzymes [74] . The phospholipase C-dependent signaling system is closely linked to arachidonic acid metabolism, one of the first cell functions known to be hormonally controlled in mesangial cells.
Ion exchanges
An AVP-stimulated increase in [Ca2+]i has been implicated in the contractile activity of the peptide in mesangial cells. Okuda et al. [75] have shown that increased [Ca2+]i in response to AVP is responsible for a rapid increase in C1-conductance with resulting depolarization of the cells.
Recent fluometric studies indicate that AVP produced initial cellular acidification, followed by sustained cellular alkalinization in mesangial cells [76] . Such a biphasic pHi change is based on ion exchanges across the plasma membrane. Initial cellular acidification depends on the activation of Cat+-ATPase that promotes Ca2+/H+ exhange. Also, the Na+/Ca2+ exchange is activated to increase the cellular Na+ concentration (Fig. 7 ) [77] . The Na+/Ca2+ exchange was supported by studies in Ca2+-free and Natfree conditions. The AVP-induced mobilization of [Na+]i in cultured rat (Ishikawa et al. [77] ). interpreted. The sustained alkalinization in response to AVP is closely related to the mobilization of [Ca2+]i by AVP itself in glomerular mesangial cells (Fig. 8) . The sustained cellular alkalinization ceased under Nat-free conditions or the presence of amiloride. The Natfree state abolished the AVP-induced increase in [Na+]i, suggesting that the source of Na+ is extracellular fluid (Fig. 7) . The Na+/H+ exchange participates in the hormonally induced cellular alkalinization [76] . The depletion of exchangeable Na+ blocks the Na+/H+ exchange and results in the absence of cellular alkalinization. The change in [Na+] i is therefore closely associated with that in pHi [77] . 
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